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The GeH radical has been detected in its ground *I1 state in the gas phase reaction of fluorine
atoms with GeH, by laser magnetic resonance techniques. Rotational transitions within both
211, ,, and *I1,,, manifolds have been observed at far-infrared wavelengths and rotational
transitions between the two fine structure components have been detected at infrared wavelengths
(10 #m). Signals have been observed for all five naturally occurring isotopes of germanium.
Nuclear hyperfine structure for 'H and ">Ge has also been observed. The data for the dominant
isotope ("*GeH) have been fitted to within experimental error by an effective Hamiltonian to give a

set of molecular parameters for the X *I1 state which is very nearly complete. In addition, the
dipole moment of GeH in its ground state has been estimated from the relative intensities of
electric and magnetic dipole transitions in the 10 um spectrum to be 1.24( + 0.10) D.

I. INTRODUCTION

The GeH radical was first detected by Kleman and Wer-
hagen'? who observed two electronic band systems, in the
visible and near-ultraviolet regions of the spectrum. Analy-
sis of the rotational structure confirmed the assignment of
the spectra to the @ *<~—-X Il and 4 A-X I1 transitions,
respectively. Shortly afterwards, Barrow, Drummond, and
Garton® reported another band system in the ultraviolet
which is probably the B 22 ~—X °II transition although a de-
tailed analysis has not yet been performed. The spectra were
complicated somewhat by the fact that germanium has five
naturally occurring isotopes, although only three of these
have abundances greater than 10% ("“Ge 36.7%, "*Ge
27.4%, and "°Ge 20.6%). The isotopic structure broadens
the lines in the optical spectra but is not fully resolved. This
was the case even in the higher resolution study of the 4 2A—
X I system by Klynning and Lindgren,* who fitted their
measurements and obtained values for the major molecular
parameters for both the states involved. More recently, Ve-
seth’ reanalyzed the same data in terms of a different Hamil-
tonian and presented an alternative set of molecular param-
eters. However these seem to be the only spectroscopic
observations of GeH before the present work.

In common with all the group I'V diatomic hydrides, the
ground state of GeH is a regular 2II state. However the in-
volvement of the heavy atom causes the spin-orbit interac-
tion to be large and results in a big separation between the
211,,, and *I1, ,, fine structure components. This splitting is
about 900 cm ~! for GeH so that the proportion of molecules
in levels of the upper, *I1,,, component is rather small at
ambient temperatures. Since GeH in levels of the *I,, com-
ponent is only weakly magnetic, its EPR spectrum has not
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yet been detected. Indeed, until the present work, there has
been no experimental information on the molecule’s g fac-
tors or nuclear hyperfine structure. In this paper, we report
the observation of rotational transitions between levels in
each of the fine structure components of GeH by the tech-
nique of far-infrared laser magnetic resonance (LMR)® and
also the detection of weak, magnetic-dipole transitions
between the Q = 3/2 and Q = 1/2 levels by infrared LMR”
using a CO, laser as the radiation source. The molecule was
generated by the reaction between F atoms and germane
(GeH,), a method suggested by earlier work on the analo-
gous molecule CH.®® The corresponding reaction was also
used to observe the SiH radical.'® The resolution of the mag-
netic resonance experiments was easily high enough to per-
mit transitions for the different germanium isotopes to be
resolved. Far from being a hinderance, the isotopic structure
was a powerful aid in the assignment of the spectra. The far-
infrared LMR signals were impressively strong, particularly
so when it is realized that neither fine structure component is
favorable for detection by magnetic resonance techniques
(the *IT,,, component because of poor tunability and the
*11,,, component because of low relative population).

The analysis of the observed spectra leads to a complete
and very precise determination of the molecular parameters
for GeH in its ground 2II state. For the *I1,,, transitions,
splittings due to the 'H hyperfine interaction were observed.
Of the germanium isotopes, only ">Ge with I =9/2 has a
nonzero spin. It was present in natural abundance of 7.7%
and we were able to detect signals which showed hyperfine
structure from ">GeH for the higher frequency transitions in
the *I1,,, component. Both 'H and ">Ge hyperfine splittings
provide information about the electronic wave functions for
the X 211 state. In addition, four of the six primary molecular
g factors were well determined by the data and also provide
information on the electronic structure of GeH. In addition,
we have been able to make an estimate of the electric dipole
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TABLE 1. Summary of transitions observed in GeH in the v = 0 level of the X *II state by LMR.

Transition Laser line
Spin
component J'J" A/um v/MHz Lasing gas
1,,, 3/27«1/2% 513.0 584 387.7° HCOOH
3/2%«1/27 500.6 598 893.7° CD,F,
5/27<3/2% 302.0 992 708.9¢ CH,OH
M, 5/2% <3727 302.0 992 708.9¢ CH,0H
772t <5/27F 2154 1391972.1° CH,0D
214.6 1397 118.6 CH,F,
972t <7/2% 166.6 1799 139.3f CH,F,
MI,,,<M,, 3/2% <3727 11.359 26 392 8448 3Co,
3/27«1/27 11.128 26 940 8148 3Co,
5/27<3/27 10.945 27 390 373¢ BC8Q,

*Superscripts refer to the parities of the levels involved.
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moment of GeH by a comparison of the intensities of electric
and magnetic dipole transitions in the 10 zm spectra. The
value obtained is “normal,” not anomalously small as in the
case of SiH.™®

Il. EXPERIMENTAL DETAILS AND RESULTS

The far-infrared LMR spectra were recorded at the
Boulder Laboratories of the National Bureau of Standards
using the FIR LMR spectrometer described previously.®
GeH radicals were generated in the gas phase in a contin-
uous flow reaction between fluorine atoms, generated by a
microwave discharge in a mixture of fluorine and helium,
and germane, GeH,, which was obtained commercially. The
reaction occurred in the sample region of the far-infrared
laser cavity which was located between the pole pieces of a 38
cm electromagnet. The total pressure used was about 52 Pa
(400 mTorr) with partial pressures of F,/F and GeH, ap-
proximately equal at 9 Pa (70 mTorr). The strongest GeH
signals were observed when the partial pressure of GeH, was
slightly more than that required to maximize the violet che-
miluminescence produced in the reaction. Magnetic flux
densities were measured by a rotating coil probe which was
calibrated periodically against a proton NMR gaussmeter.
The overall uncertainty in flux measurements is: 10~° T be-
low 0.1 T and 10~*X B, above 0.1 T where B, is the magnet-
ic flux density. The far-infrared laser frequencies used in this
work are given in Table I. The uncertainties in these arise
mainly from irreproducibility in setting the laser to the peak
of the gain profile (see references given). We believe that this
uncertainty (1o) is not more than 2 MHz for the laser lines
employed.

The observed LMR spectra of the GeH radical in the
v = 0 level of the X *II state at far- and mid-infrared wave-
lengths are summarized in Table I. The rotational transi-
tions involved are also shown in the energy level diagram of

Fig. 1. In the far-infrared spectrum, measurements were
made on the Zeeman components of three different transi-
tions in the 2I1,,, manifold and of six different transitions in
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FIG. 1. Diagram showing the lower energy levels of GeH in the X *II state
and the transitions involved in the present work. The rotational transitions
were studied in a far-IR LMR spectrometer whereas the fine structure tran-
sitions were studied in the mid-IR. Note that the levels of the upper, *[1;,,
component are considerably higher in energy than those of the 211, ;, com-
ponent.
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FIG. 2. Part of the 500.6 um LMR
spectrum of GeH, recorded with the
oscillating electric field parallel to the
applied magnetic field (7 polarization).
The rotational transition involved is
J = 1}« intheIl, ;, component. The
broad lines belong to GeH, the lower
field doublet involving *GeH and the
upper ">GeH. The doublet splitting

0.5 arises from the proton hypefine inter-
action and has a different magnitude
for the two isotopes because different
M, components are involved in the
two transitions. The GeH lines are
broad because the transitions involved
in the 2I1,,, component tune very
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the 2I1;,, manifold. Examples of the spectra are shown in
Figs. 2 and 3. Figure 2 shows part of the spectrum recorded
with the 500.6 xm CH,F, laser line with the electric vector of
the far IR radiation parallel with the applied magnetic field
(m polarization). The strong, broad lines are components of
theJ = 3/2<-1/2, + « — rotational transition in the *I1, ;,
manifold of both 7*GeH (at 0.28 and 0.39 T) and "*GeH (at
0.74 and 0.79 T). The doublet structure for each isotopic
species arises from the proton hyperfine interaction (the
splittings are different in magnitude because different M,
components are involved, see below). Two aspects of the
211,,, transitions should be appreciated. First, it is rather
remarkable that such transitions are seen at all. Unlike other
examples of so-called 211, ,, transitions in lighter molecules
(e.g., CH® and SiH'?), the levels of the *I1,,, component in
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FIG. 3. The 166.6 um LMR spectrum of GeH, recorded with the oscillating
electric field parallel to the applied magnetic field. The rotational transition
involved is J = 4}«-3} in the Il ;, spin component. Lines from all five natu-
rally occurring isotopes of germanium are observed which makes the spec-
trum appear more complicated. The weak ten-line hyperfine patterns of
3GeH (I = 4}) are just discernible in the first half of the spectrum between
0.3 and 1.0 T. It is also just possible to make out Lamb dips on some of the
stronger, broader lines.

slowly with applied magnetic field.
The weaker, sharper lines arise from
unidentified impurities.

GeH are essentially uncontaminated by those of the *I1;,,
component and the magnetic moments associated with these
levels are indeed very small. The transitions therefore tune
very slowly (~0.02 MHz/G) and their observation by LMR
requires the happy accident of a very close coincidence
between molecular and laser frequencies. Consequently, the
observed resonances are very broad. The second point to be
appreciated is that the lines are also very strong since the
integrated intensity of the signals is proportional to the
square of the linewidth. In our experiments they were also
severely under modulated; our maximum modulation am-
plitude at 12 kHz was about 1 mT (10 G). By contrast, Fig. 3
shows a more familiar type of LMR spectrum involving a
transition in the *I1,,, manifold. It depicts a broad scan tak-
en with the laser oscillating on the 166.6 um line of CH,F, in
parallel (7) polarization. The resonances are associated with
both lambda doublets of the J/ = 9/2«-7/2 transition of GeH
in the ?I1;,, state. The spectrum is complicated, at least su-
perficially, by manifestations of all five naturally occurring
isotopes of germanium. Although no special effort was made
to record Lamb (saturation) dips on these signals, all the
strongest lines in the 166.6 um spectrum showed them. The
observed resonances in the far IR LMR spectra of all the
naturally occurring isotopes of GeH except *Ge are given in
Table II. >Ge has a natural abundance of 7.7% and a spin of
9/2. The intensity of each of its transitions is therefore divid-
ed among ten hyperfine components (if the proton hfs is not
resolved) and its resonances are consequently much weaker
than those of the other isotopes. Lines for *GeH were never-
theless detected in the 214.6 and 166.6 um spectra and are
just discernible in Fig. 3. The hyperfine splittings of the
3GeH lines contain information about the hyperfine param-
eters; some measurements of the strongest features are given
in Table IV.

Although the far IR data may be used to characterize
the energy level structure within each fine structure compo-
nent very precisely, they are rather insensitive to the value
for the spin-orbit coupling constant 4 which determines the
separation between the two components. For molecules with
large spin-orbit splitting, such as GeH, this quantity has
been difficult to measure accurately because direct electric
dipole transitions between the two components are forbid-
den in the limit of Hund’s case (a) coupling.’! Recently how-
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TABLE II. Measurements of the observed resonances in (in mT) in the LMR spectra of GeH and fit of the data for "*GeH.

(obs—calc)
M, M; Parity °GeH 2GeH “GeH %GeH for *GeH/MHz
513.0 um v, = 584 387.7 MHz I1,,,, J=3/2<1/2(—«—+)
g
1/2—1/2 12« 172 ——t 213.5 861.3 1471.9 a —0.65
—1/2—1/2 238.0 883.0 1493.2 a —0.63
32— 172 —1/2«-122 —— 241.5 963.0 1649.4 a 1.18
12— 172 260.5 982.5 1669.9 a 0.68
500.6 gm v, = 598 893.7 MHz *I1, 5, J = 3/2¢1/2(+ « —)
k2
12 12 —12—1/2 +e— a a 286.3 1357.5 0.77
/2 172 a a 393.6 14325 1.09
12 —1/2 —1/2¢-—172 o — 1938.0 740.0 a a
1/2< 172 a 793.0 a a
o
32 172 —172—1/2 Fe— a a 243.0 1124.2 0.68
1/2< 172 a a 290.8 1146.7 0.60
—1/2« 12 —1/2<—1/2 e a a 367.0 b 0.39
12« 172 a a 547.0 b 1.46
—1/2¢=3/2 —1/2«—1/2 +e—— 1540.7 605.6 a a
12« 172 1553.8 609.6 a a
1/2—1/2 —1/2—1/2 4 — a 957.7 a a
12 172 a 1090.1 a a
302.0 um v, =992708.9 MHz 21, ,,, J = 5/2<3/2(—«+)
T
32« 3/2 —1/2—1/2 — 4 a a 657.1 a -~0.23
12« 172 a a 708.1 a — 025
o
5/2— 172 —1/2« 172 ——t a a 250.5 b —0.55
5/2— 372 172 172 a a 332.8 1771.5 —0.80
— /2 — 172 a a 332.8 1777.5 —0.41
32« 172 12 172 ——t a a 468.4 a —0.93
— 12~ 172 a a 497.2 a —0.38
1/2——1/2 12« 172 ——t a a 860.0 a —0.93
—1/2—1/2 a a 947.5 a —0.57
—5/2—3/2 1/2< 172 ——t a 1184.0 a a
—1/2e-—1/2 a 1190.8 a a
—3/2——1/2 /2« 172 —— a 1724.4 a a
— /2« —1/2 a 1734.0 a a
302.0 um v, = 992 708.9 MHz [, ,,, J = 5/2+-3/2
T
32« 372 - 990.5 949.1 909.6 c —291
——t 997.7 956.2 916.7 879.5 —3.25
(73
—1/2 112 o — 1236.4 1183.8 1134.2 b 0.08
—— 1245.8 1193.2 11435 b —0.05
5/2« 372 - 1909.1 1829.1 1752.9 1680.6 —0.44
——t 1922.8 1842.2 1766.0 1693.6 —0.35
215.4 ym v, = 1391972.1 MHz *I1,,,, J = 7/2«5/2
ag
3/2« 5/2 ——t 1315.2 12432 1175.0 (1110.6) —1.69
e 1333.3 1261.1 1192.8 (1128.5) —2.53
214.6 pm v, = 1397 118.6 MHz 11, ,, J = 7/25/2
m
5/2« 572 —— 949.4 844.6 745.6 652.0 129
te—— 975.0 870.3 771.3 677.6 1.32
32« 372 —— 1583.7 1409.1 12440 1087.7 2.23
4 1626.9 1452.0 1286.7 1130.5 1.73
g
32« 572 —— 646.8 575.6 508.2 b —0.95
4 — 664.5 593.2 526.0 b 0.00
1/2« 32 —— 889.2 791.5 699.2 611.5 0.59
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TABLE II (continued ).
: {obs—calc)
M, M, Parity GeH "2GeH GeH sGeH for *GeH/MHz
+—— 914.0 816.0 723.5 635.8 0.08
— 12« 172 — e+ 1423.4 1266.9 1119.4 979.1 1.38
+—— 1439.0 1306.3 1158.5 1018.3 0.63
7/2« 5/2 —«—+ 1774.3 1577.6 1392.0 1216.8 0.47
4 — 1821.1 1624.4 1439.0 1263.5 1.33
166.6 um v, = 1799 139.3 MHz 2I1,,,, J = 9/2<7/2
m
12— 1/2 + —— 620.9 411.1 2133 26.2 0.06
—— 4 688.5 477.8 279.8 92.8 —0.76
5/2« 5/2 +—— 869.8 575.2 298.5 36.7 —0.05
—— 4 962.2 669.5 391.7 130.5 —0.50
3/2« 372 4+ - 14449 957.1 497.2 61.8 0.15
——+ 1600.5 11135 653.2 216.7 1.16
172 172 +e—— a a 1477.4 186.9 1.04
——+ a a 1932.0 648.0 1.36
(24
5/2— 172 +—— 429.8 285.0 148.0 b 0.88
—— 1+ c 331.2 c b
32« 5/2 +—— 535.7 354.9 184.5 22.5 1.97
——t 594.2 412.7 2419 80.2 —0.93
1/2~ 372 +—— 710.3 417.0 244.5 30.0 —0.49
——4 788.1 548.2 321.2 106.8 —0.89
— 12« 172 +—— 1054.4 700.4 363.5 44.9 —0.56
——+ 1169.4 814.1 478.0 c —0.30
9/2«— 17/2 +—— 1114.6 737.7 382.2 46.9 —0.39
——+ 1233.0 856.2 501.0 165.6 —0.64
—3/2——1/2 + - a 1356.5 707.5 87.5 —0.54
——+ a 1579.6 930.6 309.5 —0.35
7/2« 5/2 +—— a 1505.5 782.2 96.3 -0.02
—— 4 a 1742.7 1021.8 338.9 —0.58
11.36 um v, = 26 392 844 MHz 201, ,,«I1,,,, J = 3/23/2
w
32« 172 ——— c c 513.3 b —220
3/2«— 372 4 —— 539.2 531.0 522.3 c —115
v .
32« 172 4 —— c c 511.26 b —11.0
32« 372 ——— 537.7 529.7 523.3 c — 57
11.13 um v, = 26 940 814 MHz *[1,,,«- 11,5, J = 3/2«1/2
T
—3/2«—-1/2 ——— 759.1 753.5 748.6 c 67.0
10.945 um v, =27 390 373 MHz *IL, ,,«>1, ,, J = 5/23/2
w
5/2« 3/2 — - — d d 399.7 d — 34
32« 172 ——— d d 653.1 d —133

*Transitions beyond range of available laboratory field (2 T).

®Transition too weak to be observed.

°Transition masked by stronger line.

4 Lines not recorded. Isotopically enriched “GeH, used to record spectrum.

ever, magnetic dipole transitions between the fine structure
components of the ground *I1 states of SeH!? and BrO'> have
been detected by midinfrared LMR. The success of these
studies suggested that the corresponding transitions in GeH,
for which the fine structure interval lies conveniently in the
CO, laser region, should be detectable in the same way.
The infrared LMR measurements were made at the Na-
tional Research Council in Ottawa using the CO, LMR
spectrometer described previously.”'*!* The GeH radicals
were generated in a similar continuous flow system by the
reaction between F atoms and germane. The reactants were
mixed in the laser cavity in a region between the pole pieces
of a 15 cm electromagnet. CF, was used in the microwave

discharge instead of F,/He to produce the F atoms because
this discharge was quieter, an important feature for the in-
frared experiment because the discharge was inside the laser
cavity. The total pressure used was typically 50 Pa (400
mTorr) and the strongest signals were observed under condi-
tions where the violet chemiluminescence was approximate-
ly maximized. The partial pressure of germane was about 2
Pa (15 mTorr).

The CO, laser lines used are given in Table I and the
observed resonances in the midinfrared LMR spectrum are
given in Table II. Some experiments were performed with
isotopically enriched "*GeH, to aid identification of the lines
and to provide more reliable measurements for the dominant
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GeH 27T, <277, Fine Structure Transition
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FIG. 4. Two parts of the midinfrared LMR spectrum of the GeH radical,
both recorded with the oscillating electric field parallel to the applied mag-
netic field. The lines can be identified by the presence of the different iso-
topes of germanium, present in natural abundance. The linewidths are
Doppler limited and thus are much broader than those in the far-infrared
LMR spectra (see Figs. 2 and 3). The upper spectrum recorded at 880.37
cm ™' shows one of the regions used to determine the electric dipole moment
of GeH. The strong "*GeH line is an electric dipole transition while the
weaker line to its left is a magnetic dipole transition for the same isotopic
species. The intensities of these two lines were compared in experiments
using isotopically enriched “GeH, to minimize distortion by overlap of
lines from other isotopes.

isotope. As was the case for SeH'? and BrO,"? the strongest
transitions were magnetic dipole in character although two
resonances in the Q (3/2) spectrum at 880.38 cm ™" were as-
signed to particularly strong electric dipole transitions. This
permitted an estimate of the electric dipole moment (see be-
low). Components of three separate rotational transitions
between the fine structure components were observed. De-
spite careful searching, no other lines which could be as-
signed to fine structure transitions were detected. The situa-
tion was hampered by the weakness of the spectrum (the
strongest lines had a signal-to-noise ratio of less than 10:1
with a 3 s time constant) and by the presence of much stron-

ger resonances which we believe arise from vibration-rota-
tion transitions in the GeH, radical. Further work on this
spectrum is in progress. Figure 4 shows the LMR spectra of
GeH observed with the 880.38 and 898.65 cm ™! lines of the
13C16Q, laser. The resonances are assigned to the fastest tun-
ing components of the Q (3/2) and R (1/2)transitions, respec-
tively. The germanium isotope structure forms a character-
istic pattern in these spectra and is of considerable help in the
assignment.'? It is not possible given the available CO, laser
lines to detect any P-branch (AJ = — 1) transitions because
they occur at too low frequencies.

1ll. ANALYSIS

We have chosen to analyze the spectra of GeH in its
X Il state in terms of an effective Hamiltonian for a diatom-
ic molecule, as described by Brown et al.'>"'® The advan-
tages of analyzing spectroscopic data in terms of a soundly
based effective Hamiltonian have been discussed previous-
ly.'” The principal one is that it separates the task of data
reduction from the interpretation of the molecular param-
eters. In the present case, a model which made explicit refer-
ence to perturbing, excited electronic states would be rather
difficult to implement because there are low lying ?A, 2, and
3 states all of which can contaminate the ground *IT state.
The Hamiltonian used is as follows:

Hg=H, +Hy+H,+H, +Hip+Hy +Hz,(1)

where H_,, and H_, are the rotational and centrifugal distor-
tion terms, H,, and H,_ are the spin-orbit and spin-rotation
coupling terms, H 5, is the lambda-doubling contribution,
H ;. the nuclear spin hyperfine interaction, and H, repre-
sents the Zeeman effect of the applied magnetic field. The
detailed forms of the operators and their matrix representa-
tions in a case (a) basis set are given in Ref. 16, modified
slightly in accordance with the recommendation of Ref. 17
to the N? formulation of H,;.

The assignment of the observed spectra was, in general,
straightforward, the only serious problems being encoun-
tered in the assignment of the far IR LMR spectra for the
*I1,,, component. The low tuning rates for the latter transi-
tions often resulted in only part of the germanium isotope
structure being recorded in these spectra and it was difficult
to identify which particular isotopic species was responsible

TABLE III. Molecular parameters (in MHz) for 7*GeH determined in a fit of the LMR data.

A+y 26 757 278.4(67y v
B 198 802.16(25) 1°H
D 10.020 2(41)
P+29 15 009.1(27) Po +2p
q 189.80(62) 10g,,
b o ;
3/2 .
g 1.000 77(12) 10%g
gs 2.0020° 10(g; — &7
10%, 0.97(64) 10%¢

— 14 676(26)°
0.3061°

— 1512°

—~ 0.3802°
16.2(19)
0.0°

— 0.1543(50)
0.3953(17)

— 0.9552¢

*The figures in parenthesis denote one standard deviation of the least-squares fit, in units of the last quoted

decimal place.
®The parameter A;, was constrained to zero.
¢ Parameter constrained to estimated value in the fit.

J. Chem. Phys., Vol. 83, No. 7, 1 October 1985

Downloaded 19 Aug 2002 to 132.163.136.56. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



Brown, Evenson, and Sears: Laser magnetic resonance of GeH

3281

TABLE IV. Measurements (in mT) and fit of some resonances in the 166.6 zm LMR spectrum of >GeH.

Transition®
(obs—calc)/ (obs—calc)/
M, M, + - — MHz ——+ MHz
7/2<-1/2 —9/2 b 366.4 0.62
—17/2 b (368.3) 1.03
—5/2 303.6 0.05 370.3 0.41
—3/2 306.1 0.80 3725 0.12
-12 308.5 0.53 374.6 —1.19
172 3109 —0.44 3775 —0.51
372 3139 —0.10 380.4 —0.54
5/2 317.2 0.53 383.8 0.39
172 3204 0.05 387.2 0.55
9/2 323.6 —1.23 b
5/2<5/2 —9/2 4223 —0.84 516.7 —0.23
—-172 425.5 —0.21 518.9 0.40
—5/2 427.6 —0.28 520.8 —0.16
—3/72 430.1 0.15 523.1 —022
—172 432.6 0.12 525.5 —0.51
172 4353 0.10 528.4 —0.07
372 438.5 0.80 531.2 —0.36
5/2 441.5 0.51 534.5 0.07
7/2 444.6 —0.07 538.0 0.45
9/2 448.0 —0.46 541.7 0.78
Parameters determined in the fit (in MHz):
B 198 841.521(10) q 189.55(19)
hyn — 77.69(34) eq,Q 158.9(76)

* The rotational transition involved is ’II;,,, J = 9/2<7/2.
®Line not measured, overlapped by "*GeH transition.

¢ The number in parenthesis is one standard deviation of the least-squares fit, in units of the last quoted decimal

place.

for the observed resonances. Furthermore, it was hard to
anticipate the tuning rates for the different Zeeman compo-
nents of these transitions since, unlike those for the *II;,,
component, they are not dominated by the electron spin and
orbital g factors. Careful measurements of the tuning direc-
tions of the lines were made by laser frequency “pulling”
experiments. These together with the observed relative in-
tensities made it possible to reach a set of unambiguous as-
signments which satisfied all the experimental observations.
The assignments are given in Tables II and IV.

The parameters of the effective Hamiltonian (1) were
fitted to the measurements for the dominant isotopic species,
"“GeH, using the computer program described in earlier
work.'®!® The basis set was truncated without loss in accura-
cy at AJ = + 1 and the data were weighted as the inverse
square of the estimated experimental uncertainties (about 1
MHz for the far IR data and 20 MHz for the 10 um data).
The parameter values determined in the fit are given in Table
I11. The quality of the fit was very satisfactory with a relative

TABLE V. Proton hyperfine parameters in MHz for GeH and related mole-
cules in their X *IT states.

hya b [ % d Reference
CH 6406 —7673 4450 43517 25
SiH 343 (—483) 468 17.9 10
GeH 38.3 16.2 Present work
SeH 4.75 27

hp=a—lb+c) hyp=a+ib+c).

standard deviation of 1.19; the residuals for "*GeH calculat-
ed with the parameters in Table III are given in Table II. As
can be seen from Table III, it has proved possible to deter-
mine all the major parameters of the effective Hamiltonian
with the present data set, a notable achievement for the
LMR experiment. Some of the smaller parameters had to be
constrained to theoretically estimated values which are also
given in Table I1I. The relationships with which these esti-
mates were made are reasonably well established:

Hy~H, =3D,[12(B,/0.) — a,/0,], (2)

pp = —2pD /B, 3)

9p = —4qD /B, (4)
and

g = —q/B. (5)

Since the proton hyperfine splitting was not resolved for the
transitions in the *I1;,, component, we have set the appro-
priate parameters (h;,, and b) to zero. The two hyperfine
constants determined, 4,,, and d, describe the splittings of
levels in the *I1, ;, component. Our hyperfine parameters are
related to those of Frosch and Foley'® by

hip=a—4b+c), (6)
hyj2=a+ b+ c). (7

The only other parameter constrained in the fit was the elec-
tron spin g factor gs. Since the measurements on the *I1,,,
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levels depend on (g, + igs) while those for the *I1,,, levels
depend on (g; — 1gs), it was a little disappointing that it was
not possible to determine separate values for both g factors.
In practice, the separation is confused by the involvement of
several smaller contributions to the magnetic moment. The
value adopted in Table III was chosen from two consider-
ations. First, it is close to the free electron spin g value with a
small relativistic mass correction.?® Second, it is a value
which leads to reasonably good predictions of the LMR
spectra of the other isotopes of GeH. Although the quality of
the fit of the *GeH data can be improved slightly by adopt-
ing a larger value for g¢ (about 2.003), such a value leads to
much poorer predictions of the spectra of the other isotopes.
Some independent information on the zero field frequencies
of GeH in the °I1,,, component would probably enable a
reliable value for g¢ to be determined.

The 166.6 um LMR spectrum was strong enough that
the lines of ”>GeH could be seen in natural abundance, even
though each Zeeman transition is split into the ten hyperfine
components expected for a nucleus with I = 9/2. Measure-
ments of some of these lines are given in Table IV. These data
were fitted to determine the two nuclear hyperfine param-
eters for ?GeH, h,,,, and egoQ, which govern the splittings
of levels in the 2I1;,, components. The parameter values de-
termined in the fit are given at the bottom of Table IV. All
other parameters were constrained at values obtained by
multiplication of those for *GeH by the appropriate scaling
factors.”!

Finally, we have exploited the observation of electric
dipole transitions in the mid-IR spectrum to estimate the
magnitude of the electric dipole moment of GeH in its X *II
state. The relative intensities of electric and magnetic dipole
transitions are given by the square of (i|pE,|))/
(/'|m*B,, |j') where p and m are the electric and magnetic
dipole moment operators, E,, is flux density.?>* For an elec-
tromagnetic wave in free space, E,/B, = 1072 ¢ in SI
units. In both parallel and perpendicular polarizations of the
Q(3/2) spectrum of GeH at 880.4 cm ™!, there are electric
and magnetic dipole transitions of comparable intensity and
similar linewidth which lie close to each other in the spec-
trum (see Table IT). We have recorded these regions of the
spectra carefully with low modulation amplitude, using a
sample enriched in "*GeH to reduce distortion caused by
overlap with other isotopic species. From these recordings,
we estimate the ratios of the intensities of the electric and
magnetic dipole transitions in each polarization. The peak-
to-peak height multiplied by the square of the peak-to-peak
linewidth was taken as the estimate of the integrated relative
intensity. The results from each polarization are pleasingly
consistent and lead to the result

i =124+0.10D.

It should be emphasized that this result is obtained on the
assumption that neither electric nor magnetic dipole transi-
tion is power saturated. We are fairly sure that this is the case
although we cannot be absolutely certain. We know of only
one example?* of power saturation of a magnetic dipole tran-
sition in the mid-IR and there was no evidence of Lamb dips
on the electric dipole transitions.

IV. DISCUSSION AND CONCLUSIONS

The paper has been concerned with the characterization
of the GeH radical in its ground °II state. The study is most
impressive in its completeness, particularly when it is appre-
ciated that all the data have been collected by laser magnetic
resonance techniques. The wide ranging nature of the obser-
vations owes much to the sensitivity of the far IR LMR ex-
periment.

A. Comparison with previous work

The results presented in Tables I1, II1, and IV show that
the effective Hamiltonian in Eq. (1) is sufficiently flexible to
fit the experimental data to within the estimated errors. Mol-
ecules such as GeH which contain a heavy atom can be ex-
pected to provide a stringent test of the second order pertur-
bation theory treatment on which the derivation of the
Hamiltonian is based because the large spin-orbit coupling
effects and higher order mixing can lead to additional terms
in the Hamiltonian.'> The parameter values determined
from our analysis are consistent with those determined ear-
lier from the optical (4 >A-X *II) spectrum®:

B=198.77(30) GHz, D = 9.764(6) MHz,
A=26757.16)GHz, 7= — 14.4(1) GHz,
p = 14.87(3) GHz, g = 215(16) MHz,

but, as can be seen in Table IT], have much greater precision.
The values can also be compared (but with more difficulty)
with those quoted by Veseth.” His definition for the lambda-
doubling parameter p, e.g., is approximately half that adopt-
ed here which makes his value of 0.248 cm ' or 7.435 GHz
understandable.

B. Lambda-doubling parameters

The Jambda-doubling parameters p and ¢ contain infor-
mation on the electronic wave function for GeH in its X I
state. More specifically, they are a measure of the contamin-
ation of the ground state by excited 2 £* and *Z~ states. A
simple model for this mixing has been presented recently for
CH,” in which the molecular orbitals are represented by
atomic orbitals confined to the C atom and only states aris-
ing from the first excited configuration are involved. A simi-
lar calculation can be performed for GeH. The second order
contributions to p and g for such a model are

p(2)=2[-—-§B/(En—E2+)—B/(EH—E2-)] (8)
and

4% =2[B*/(Ey — E;+)—3B*/(Eq — Ez-)], {9)
where ¢ is the atomic spin-orbital coupling parameter, B is
the rotational constant, and Ey;, Ex+, and Ex- are the ener-
gies of the *II, >+, and 2Z ~ electronic states, respectively.
The large spin-orbit interactions in GeH suggest that higher
order contributions to these parameters may not be negligi-
ble marking a tendency towards Hund’s case (c) coupling.>!?
The leading third order contribution to p, which involves
admixture of the @ =~ state, may be estimated in the same
way as the second order contributions to be

PP =3B/ (Ey —Es- ) (10)
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where E.— is the energy of the *~ state. Unfortunately,
rather few excited electronic states have been characterized
for GeH. Only one 22 state has been identified and that not
even with absolute certainty.? It has yet to be established
whether it is the 22+ or 23 ~ state arising from the first excit-
ed electronic configuration. If we assume that the % and
23~ states lie very close in energy at this value of 42 703
cm™! above the ground state, we can at least make a rough
estimate of the values for p and ¢, namely ,

p?=173GHz, p®=420MHz, and¢? =128 MHz.

These are in reasonable agreement with the experimental
values (p = 14.6 GHz, ¢ = 189.8 MHz), particularly when
the grossness of the assumptions made is taken into account.

In a similar study of SeH, Brown et al.!? found that it
was necessary to include the effects of centrifugal distortion
of lambda doubling in order to reproduce the experimental
results. The parameters involved, p,, and ¢,, may be esti-
mated if the electronic wave function is assumed to be inde-
pendent of the internuclear distance.?® The relations are giv-
en in Egs. (3) and (4) and the values deduced in Table III.
These values are about an order of magnitude smaller than
the corresponding ones for SeH and had an insignificant ef-
fect on the quality of fit.

C. Nuclear hyperfine parameters

Two of the four proton hyperfine parameters for "*GeH
fit have been determined in our fit (see Table III). It is worth
mentioning that the signs of these parameters have been de-
termined unambiguously from the relative intensities of lines
in the *I1,,, transitions. For example, a small but real differ-
ence in the intensities of the lines in the low field doublet can
be seen in Fig. 2. The effect was more marked in other transi-
tions. The values determined for *GeH can be compared
with those for related molecules in Table V. The values for
SiH, GeH, and SeH are rather similar, all of them signifi-
cantly smaller than the corresponding parameters for CH.
This behavior broadly follows the trend in values for r—2
where 7 is the bond length. (The #, values for CH, SiH, and
GeH are 0.1120, 0.1520, and 0.1588 nm, respectively).?® Un-
fortunately, we have no indication of the size of the Fermi
contact interaction in GeH from the present data set. More
precise measurements, by techniques such as microwave op-
tical double resonance, are required.

The ">Ge hyperfine splittings in GeH have been fitted as
described in Table IV. In this case, the data set is rather
limited and the sign of the parameter A,,, is assumed from
the negative value for the nuclear magnetic moment
gy = — 0.1984.%° Nevertheless, this is the first experimen-
tal determination of a magnetic hyperfine interaction involv-
ing Ge. Clearly more measurements are needed on this
isotopic modification if the complete set of hyperfine param-
eters is to be determined and the full worth of information on
the electronic wave function extracted.

D. Zeeman parameters

The g factors determined from the magnetic resonance
data also contain information on the electronic wave func-
tion. Of the values listed in Table IV, two can be compared

with values estimated on the basis of simple formulas, name-
ly,

g = —y/2B =0.0369 (11)
and

g1 = p/2B = 0.0368. (12)

The experimental values from Table IV are 0.01 and 0.0386,
respectively. It is clear that Eq. (12) provides a much more
reliable estimate than Eq. (11). Similar results were obtained
for CH**® and SiH.'® The value for g, in Eq. (11) is less
reliable than it might be because of the use of the value for the
effective spin-rotation parameter y (which contains a contri-
bution from 4 ;) rather than the value for y itself. The orbital
g factor g7 contains information about the mixing of excited
electronic states by spin-orbit coupling.'®'? Unfortunately,
the value obtained in the fit depends critically on the value
adopted for g5. For a molecule like GeH, the latter param-
eter is hard to estimate since it probably contains significant
third order contributions,* particularly from the a 43~
state. In view of these uncertainties, it is not meaningful to
pursue an interpretation of the orbital g factor at this junc-
ture.

E. Electric dipole moment

We have reported a measurement of the electric dipole
moment of GeH in its ground 2I1 state from a comparison of
the intensities of electric and magnetic dipole transitions. It
was surprising to discover that the variation of the dipole
moment down the series CH, SiH, and GeH was rather irreg-
ular; the values are 1.46,>! 0.124,%2 and 1.24 D, respectively.
The value for GeH is consistent with the strong LMR spec-
tra recorded in our work and the observation of Lamb dips
on the strongest lines. Equally, the very small value calculat-
ed for SiH is consistent with the rather weak LMR spectra
recorded for that molecule and our inability to record Lamb
dipsin that case.'® There is no doubt that the trend is genuine
but an explanation is not easy to discover. It is possible that
the polarity of the dipole moment changes down the series
(the experimental observations depend only on its magni-
tude). A theoretical study of GeH is in progress to investigate
the observed behavior.*

F. Further work

We have described a broad-ranging study of the ground
state of GeH by a combination of far- and midinfrared LMR
techniques. Although the major parameters can now be con-
sidered to be well determined, uncertainties remain for some
of the minor ones such as the hyperfine parameters. Mea-
surements on GeH in the microwave region would remove
most of these deficiencies and be well worth while. The spec-
tra described in this work also show a wealth of isotopic
structure. We have exploited this structure qualitatively in
our analysis but there are quantitative implications which
we have not followed up. It would be very interesting to fit all
the isotopic data in Table II simultaneously. In addition to
testing the various isotopic dependences of the parameters,
there are strong indications that additional information on
GeH in its X 21 state can be wrested from the data. By the
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same token, a parallel study of GeD would be interesting.
There are suggestions in the optical work that the spin-orbit
interaction shows an anomalously large isotopic depen-
dence.*® Furthermore, the fundamental vibration-rotation
band of GeH lies at about 1830 cm™',* aregion well suited to
study by LMR using a carbon monoxide laser.
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